This work was aimed at producing a sourdough bread that is tolerated by celiac sprue (CS) patients. Selected sourdough lactobacilli had specialized peptidases capable of hydrolyzing Pro-rich peptides, including the 33-mer peptide, the most potent inducer of gut-derived human T-cell lines in CS patients. This epitope, the most important in CS, was hydrolyzed completely after treatment with cells and their cytoplasmic extracts (CE). A sourdough made from a mixture of wheat (30%) and nontoxic oat, millet, and buckwheat flours was started with lactobacilli. After 24 h of fermentation, wheat gliadins and low-molecular-mass, alcohol-soluble polypeptides were hydrolyzed almost totally. Proteins were extracted from sourdough and used to produce a peptictryptic digest for in vitro agglutination tests on K 562(S) subclone cells of human origin. The minimal agglutinating activity was ca. 250 times higher than that of doughs chemically acidified or started with baker's yeast. Two types of bread, containing ca. 2 g of gluten, were produced with baker's yeast or lactobacilli and CE and used for an in vivo double-blind acute challenge of CS patients. Thirteen of the 17 patients showed a marked alteration of intestinal permeability after ingestion of baker's yeast bread. When fed the sourdough bread, the same 13 patients had values for excreted rhamnose and lactulose that did not differ significantly from the baseline values. The other 4 of the 17 CS patients did not respond to gluten after ingesting the baker's yeast or sourdough bread. These results showed that a bread biotechnology that uses selected lactobacilli, nontoxic flours, and a long fermentation time is a novel tool for decreasing the level of gluten intolerance in humans.
Celiac sprue (CS), also known as celiac disease or glutensensitive enteropathy, is one of the most common food intolerances, occurring in 1 out of every 130 to 300 persons of the European (42) and U.S. (20) populations. In South America, North Africa, and Asia, CS is generally underdiagnosed (21) . The epidemiological distribution of CS is conceptualized by the iceberg model introduced by Logan in 1992 (32) . The prevalence of CS corresponds to the overall size of the iceberg, which is influenced by the frequency of the predisposing genotypes in the population. The "water line," namely, the ratio of diagnosed to undiagnosed cases, depends on several factors such as awareness of CS, availability of diagnostic facilities, and variations in clinical intensity (21) . The clinical manifestations of CS vary markedly with the age of the patient, the duration and extent of the disease, and the presence of extraintestinal pathology. CS is subdivided into typical (e.g., chronic diarrhea, anorexia); atypical, which is secondary to malabsorption (e.g., sideropenic anemia) or independent of malabsorption (e.g., dermatitis herpetiformis); and asymptomatic (silent) forms.
CS is an autoimmune disease of the small intestinal mucosa in genetically susceptible persons. Upon ingestion of gluten, these patients suffer from self-perpetuating mucosal inflammation characterized by progressive loss of absorptive villi and hyperplasia of the crypts. During endoluminal proteolytic digestion, prolamins of wheat (␣-, ␤-, ␥-, and -gliadin subgroups), rye (e.g., secalin), and barley (e.g., hordein) release a family of Pro-and Gln-rich polypeptides that are responsible for an inappropriate T-cell-mediated immune response (41) . A 33-mer peptide was shown to be a potent inducer of gutderived human T-cell lines in 14 of 14 CS patients (40) . Other peptides, such as fragment 31-43 of A-gliadin, caused an inflammatory response of the small intestinal mucosa (5, 8, 36) without a T-cell-mediated response (35) . The large proportion and location of proline residues in the amino acid sequences of these toxic peptides make them extremely resistant to further proteolysis (2, 11, 27) . Proline is unique among the 20 amino acids because of its cyclic structure. This specific conformation imposes many restrictions on the structural aspects of peptides and proteins and confers particular biological properties. To adequately deal with such peptides, a group of specific peptidases are necessary to hydrolyze peptide bonds in which a proline residue occurs as a potential substrate. Recently, Shan et al. (40) showed that the 33-mer peptide could be hydrolyzed by exposure to a prolyl-endopeptidase of Flavobacterium me-ningosepticum, suggesting a strategy for an oral peptidase supplement therapy for CS patients.
Total lifelong avoidance of gluten ingestion remains the cornerstone of CS treatment. The National Food Authority has recently redefined the term "gluten free," which now means absolutely no gluten (21) . Therefore, other flours, e.g., from oats, rice, maize, millet, and buckwheat, that do not contain sequences homologous to the 33-mer gliadin or, more generally, that were proven to be nontoxic are used in various formulae as substitutes for wheat flour in the daily diet of CS patients. Since the diet of CS patients must be free of wheat products for life, efforts to reduce the human intolerance to cereals are of a great medical, nutritional, and economic interest.
Previously, we selected four sourdough lactobacilli that showed considerable hydrolysis of albumin, globulin, and gliadin fractions during wheat sourdough fermentation (18) . These lactobacilli had the capacity to hydrolyze the 31-43 fragment of A-gliadin in vitro and, after hydrolysis, greatly reduced the agglutination of K 562(S) subclone cells of human myelogenous leukemia origin by a toxic peptic-tryptic (PT) digest of gliadins. On the basis of these preliminary and promising results, we further investigated a novel bread biotechnology for decreasing the level of gluten intolerance in humans.
This article describes the hydrolysis of various Pro-rich peptides, including the 33-mer peptide, by selected lactobacilli and the production of sourdoughs made from a mixture of wheat and nontoxic (26, 34) oat, buckwheat, and millet flours that were characterized by almost complete hydrolysis of the gliadin fractions. Agglutination testing of K 562(S) cells and an acute in vivo challenge showed improved tolerance of breads containing 30% wheat flour.
MATERIALS AND METHODS
Microorganisms, culture conditions, and subcellular fractionation. Lactobacillus alimentarius 15M, L. brevis 14G, L. sanfranciscensis 7A, and L. hilgardii 51B were selected previously on the basis of their ability to hydrolyze gliadin fractions of wheat sourdoughs (18) and used in this study. The strains were routinely propagated for 24 h at 30°C (L. alimentarius 15M, L. brevis 14G, and L. sanfranciscensis 7A) or 37°C (L. hilgardii 51B) in modified MRS broth (Oxoid, Basingstoke, Hampshire, England) with the addition of fresh yeast extract (5%, vol/vol) and 28 mM maltose at a final pH of 5.6. When used for enzyme assays, sourdough fermentation, and subcellular fractionation, Lactobacillus cells were incubated until the late exponential phase of growth (optical density at 620 nm, ca. 2.5) was reached (ca. 12 h).
Twelve-hour-old cells of lactobacilli cultivated in modified MRS broth were used for subcellular fractionation by lysozyme treatment in 50 mM Tris-HCl buffer (pH 7.5) containing 24% (wt/vol) sucrose to produce the cytoplasmic extract (CE) (24) . The only modification was that spheroplasts resuspended in isotonic buffer were sonicated by four cycles (10 s each) (Sony Prep model 150; Sanyo, Tokyo, Japan) to recover CE.
Enzyme assays. All of the synthetic substrates used were from Sigma Chemical Co., St. Louis, Mo., except for fragment 62-75 (P-Q-P-Q-L-P-Y-P-Q-P-Q-S-F-P) of A-gliadin (41) and the 33-mer (L-Q-L-Q-P-F-P-Q-P-Q-L-P-Y-P-Q-P-Q-L-P-Y-P-Q-P-Q-L-P-Y-P-Q-P-Q-P-F) peptide (40) , which were chemically synthesized by the Neosystem Laboratoire (Strasbourg, France). The enzyme reaction mixture contained 160 l of 20 mM phosphate buffer (pH 7.0), 75 l of substrate, 4 l of NaN 3 (0.05% final concentration), and 25 l of cells (10 9 CFU/ml) of each Lactobacillus species. The cell aliquots were reduced to 12.5 l when CE (12.5 l) was added to the reaction mixture. CE preparations corresponded to those extracted from 10 9 cells/ml and were standardized to a protein concentration of 2.42 mg/ml. Peptidase activity on para-nitroanilide (p-NA) substrates was determined by measuring the absorbance at 410 nm (24) . Peptidase activity on Z-GlyPro-NH-trifluoromethylcoumarin was determined by measuring the fluorescence at excitation and emission wavelengths of 400 and 505 nm, respectively. Hydrolysis of di-and tripeptides was determined by a BioChrom 30 series amino acid analyzer (BioChrom Ltd., Cambridge Science Park, England) (see below). The hydrolysis of longer peptides was analyzed by reversed-phase fast-performance liquid chromatography (RP-FPLC) with a PepRPC HR 5/5 column and FPLC equipment with a UV detector operating at 214 nm (Amersham Pharmacia Biotech, Uppsala, Sweden). Elution was at a flow rate of 0.5 ml/min with a linear gradient (0 to 100%) of acetonitrile in 0.1% trifluoroacetic acid (22) .
A unit of enzyme activity on p-NA substrates was defined as the amount of enzyme that produced an increase in absorbance at 410 nm of 0.01/min. A unit of enzyme activity on Z-Gly-Pro-NH-trifluoromethylcoumarin substrate was the amount of enzyme that produced an increase in fluorescence of 0.1/min. A unit of enzyme activity on di-, tri-, and polypeptides was the amount of enzyme that liberates 1 mol of substrate/min.
Sourdough fermentation. Two hundred grams of the mixed wheat, oat, millet, and buckwheat flours, at a ratio of 3:1:4:2; 70 ml of tap water; and 30 ml of a cellular suspension containing 10 9 CFU of each lactic acid bacterial strain/ml (5 ϫ 10 7 CFU/g of dough) were used to produce 300 g of dough (dough yield, 150) with a continuous high-speed mixer (60 ϫ g; dough mixing time, 5 min). Sourdoughs were incubated at 37°C for 6, 12, and 24 h. Doughs were also started at 37°C for 12 h with selected lactic acid bacteria and their CE and at 37°C for 2 h with baker's yeast (2%, wt/wt) alone. The CE used corresponded to those extracted from a cell concentration of 10 9 CFU/g, which is the cell number reached at the end of sourdough fermentation (23) . A dough produced with 200 g of the flour mixtures and 100 g of tap water, without a bacterial inoculum and containing chloramphenicol (1 mg/ml), was chemically acidified to pH 3.9 with a mixture of lactic and acetic acids at a molar ratio of 4:1, which corresponds to that usually found after sourdough fermentation (23) , incubated for 24 h under the same conditions, and used as the control. When used, CE was added as a part of the tap water aliquot.
Protein extraction. Protein fractions were extracted from sourdoughs and other samples by the method originally described by Osborne (39) and modified by Weiss et al. (47) . Polyvinylpolypyrrolidone (1.5%, wt/vol) was used to remove tannins in the buckwheat flour (43, 46 ). An aliquot of each flour (7.5 g) or dough (12.75 g) was diluted with 30 ml of 50 mM Tris-HCl (pH 8.8) containing 1.5% (wt/vol) polyvinylpolypyrrolidone, held at 4°C for 1 h with vortexing at 15-min intervals, and centrifuged at 20,000 ϫ g for 20 min. The supernatant contained albumins and globulins. In order to minimize cross contamination among albumins, globulins, and prolamins, the pellets were further extracted twice with 50 mM Tris-HCl (pH 8.8), and supernatants were discarded. After being washed with distilled water to remove buffer ions, the pellets were diluted with 30 ml of ethanol (75%, vol/vol), stirred at 25°C for 2 h, and centrifuged as described above. The supernatant contained prolamins. The extraction by ethanol was also repeated twice. Residual ethanol was eliminated by resuspending the pellets with distilled water and centrifugation. Finally, the pellets were diluted with 30 ml of sodium dodecyl sulfate (SDS)-dithiothreitol (DTT) buffer (50 mM Tris-HCl [pH 8.8], 1% SDS, 0.5% DTT), held for 2 h at room temperature with occasional vortexing, and centrifuged. The supernatant contained glutenins. All extracts were stored at Ϫ80°C until they were used. Protein concentrations of the fractions were determined by the Bradford method (16) by using bovine serum albumin as the standard.
2DE. Two-dimensional gel electrophoresis (2DE) was performed with the immobiline-polyacrylamide system as described by Bjellqvist et al. (15) . Aliquots of 30 to 50 l (ca. 30 g of protein) of prolamin fractions were used for the electrophoretic run. Isoelectric focusing was carried out on immobiline strips, providing a nonlinear pH gradient of 3 to 10 (IPG strips; Amersham Pharmacia Biotech) by IPG-phore, at 15°C. The voltages were the following: 0 to 300 V for 1 h, 300 to 500 V for 3 h, 500 to 2,000 V for 4 h, and a constant 8,000 V for 4 h. SOURDOUGH BREAD TOLERATED BY CELIAC SPRUE PATIENTSelectrophoretic coordinates used for serum proteins were described by Bjellqvist et al. (15) . Gels were silver stained as described by Hochstrasser et al. (28) . The protein maps were scanned with an Image Scanner and analyzed with Image Master 2D v.3.01 computer software (Amersham Pharmacia Biotech). Four gels were analyzed, and spot intensities were normalized as reported by Bini et al. (14) . Only statistically significant hydrolysis factors, where the P value was Ͻ0.05, are reported. Determination of peptides and free amino acids. The peptide profiles of the different protein fractions were analyzed by RP-FPLC with an acetonitrile gradient as described above (22) . Total and individual free amino acids were analyzed in the water extracts of sourdoughs and chemically acidified and yeasted doughs by a BioChrom 30 series amino acid analyzer (BioChrom Ltd.) with an Na cation-exchange column (20 by 0.46 cm [inside diameter]). A standard amino acid mixture (Sigma Chemical Co.) made up of cysteic acid, methionine sulfoxide, methionine sulfone, tryptophan, and ornithine was used. Proteins and peptides were precipitated by addition of 5% (vol/vol) cold solid sulfosalicylic acid, holding at 4°C for 1 h, and centrifugation at 15,000 ϫ g for 15 min. The supernatant was filtered through a 0.22-m-pore-size filter (Millex-HA; Millipore S.A., Saint Quentin, France) and diluted (1:5) with sodium citrate loading buffer (0.2 M, pH 2.2). Amino acids were postcolumn derivatized with ninhydrin reagent and detected by absorbance at 440 (proline and hydroxyproline) or 570 (all the other amino acids) nm.
Agglutination test. Albumins, globulins, prolamins, and glutenins were extracted from sourdoughs and yeasted or control doughs, freeze-dried, and pooled. Before freeze-drying, albumin and globulin fractions were dialyzed for 12 h at 4°C against distilled water (membrane cutoff, 1,000 Da) to remove excess carbohydrates that interfered with the agglutination test. Fifty-milligram portions of the pooled protein fractions were subjected to sequential PT digestion to produce the corresponding PT digest. Following production, the PT digest was heated at 100°C for 30 min to inactivate enzymes. This peptide preparation was used directly for the agglutination test.
K 562(S) subclone cells of human myelogenous leukemia origin from the European Collection of Cell Cultures (Salisbury, United Kingdom) were used (33) . The cells were grown in RPMI medium (HyClone, Cramlington, United Kingdom) supplemented with 0.2 mM L-glutamine, 50 U of penicillin/ml, 50 mg of streptomycin/ml, and 10% (vol/vol) fetal calf serum (Flow Laboratories, Irvine, Scotland) at 37°C in a humidified atmosphere of 5% CO 2 in air for 96 h. After cultivation, the human cells were harvested by centrifugation at 900 ϫ g for 5 min, washed twice with 0.1 M phosphate-buffered saline solution (Ca 2ϩ and Mg 2ϩ free; pH 7.4), and resuspended at a concentration of 10 8 /ml in the same buffer. Twenty-five microliters of this cell suspension was added to wells of a microtiter plate containing serial dilutions (0.013 to ca. 7.0 g/liter) of PT digest. The total volume in the well was 100 l, and the mixture was held for 30 min at room temperature. Following incubation, a drop of the suspension was applied to a microscope slide to count clumped and single cells. Agglutination tests were carried out in triplicate, and photographs were taken with a Diaphot-TMD inverted microscope (Nikon Corp., Tokyo, Japan).
In vivo challenge. A sourdough made from wheat flour alone (dough yield, 220) was fermented with lactobacilli and their CE for 24 h at 37°C under the conditions described above. Following fermentation, the wheat sourdough was mixed (dough yield, 150) with oat, millet, and buckwheat flours at the optimal ratio, allowed to ferment for 2 h, and baked at 220°C for 20 min. Another type of dough made from the same mixture of the four flours (dough yield, 150) was started with baker's yeast (2 h of fermentation) and baked under the same conditions. The two types of bread (ca. 80 g) contained ca. 2 g of gluten.
The in vivo acute challenge was based on intestinal permeability tests (25) . Twenty volunteer CS patient were recruited after at least 2 years on a gluten-free diet. At the time of recruitment, criteria for admission were a negative test for anti-transglutaminase antibodies and exclusion of gluten from the diet for at least the previous 3 months. The protocol for recruitment of CS patients and the in vivo challenge were approved by the University of Naples Ethical Committee. After an overnight fast, CS patients voided and drank 220 ml of a carbohydrate solution that contained 1 g of rhamnose, 7.5 g of lactulose, and 40 g of sucrose.
Sucrose was added to increase the osmolarity of the solution. Urine samples were collected for 5 h, and carbohydrates were determined by gas chromatographic analysis as trisilyl derivatives by the method of Dutton (19) . Following the baseline permeability test, CS patients randomly ingested (double-blind trial) one of the two breads for 2 days and 6 h later drank the carbohydrate solution. Urine samples were collected and analyzed.
RESULTS

Hydrolysis of
sanfranciscensis 7A, and L. hilgardii 51B were selected previously on the basis of their different hydrolysis profiles toward wheat gliadins (18) and used in this study. Pooled cells of the four lactobacilli (ca. 10 9 CFU/ml) showed the following enzyme activities: iminopeptidase on 2 mM Prop-NA, dipeptidyl-peptidase on 2 mM Gly-Pro-p-NA, prolylendopeptidase on 2 mM Z-Gly-Pro-NH-trifluoromethylcoumarin, prolidase on 2.3 mM Val-Pro, prolinase on 3 mM ProGly, and aminopeptidase P on 2 mM Gly-Pro-Ala (Table 1 ) (17) . When cells and CE were compared on these substrates, the activities did not differ significantly (data not shown). Bradykinin (P-P-G-F-S-P-F-R) and fragment 62-75 of A-gliadin (1) were hydrolyzed also. The activity on Pro-rich polypeptides was increased when cells were supplemented with the respective CE (2.42 mg of protein/ml), as a source of free peptidases. Under these conditions, the hydrolysis of peptide 62-75 of A-gliadin (450 M) was complete in 30 min (Fig. 1A) . Pooled cells and CE completely hydrolyzed the 33-mer peptide (200 M) in 24 h (Fig. 1B) . Although the hydrolysis of this longer peptide proceeded slowly compared to that of the other two oligopeptides, considerable degradation, ca. 70%, was found after 12 h. Also for this epitope, the hydrolyzing activity was ca. doubled when cells were supplemented with CE.
Proteolysis during sourdough fermentation. Oat, millet, and buckwheat flours are considered nontoxic for CS patients (26, 34) . The effects of different amounts of flours on dough leavening and texture were investigated in preliminary experiments. A mixture of wheat, oat, millet, and buckwheat flours, at a ratio 3:1:4:2, was chosen as optimal for dough production. Oat flour and especially buckwheat flour are also suitable for increasing the low concentration of methionine and lysine in wheat flour (37) . Millet is suitable for improving dough texture b Aliquots (25 l) of each cell suspension were used in the enzyme assays. c Aliquots (12.5 l) of the pooled cells and CE of each species were used in the enzyme assays.
d A unit of enzyme activity on p-NA substrates was defined as the amount of enzyme that produced an increase in absorbance at 410 nm of 0.01/min.
e A unit of enzyme activity on Z-Gly-Pro-NH-trifluoromethylcoumarin was the amount of enzyme that produced an increase in fluorescence of 0.1/min.
f A unit of enzyme activity on di-, tri-, and polypeptides was the amount of enzyme that liberates 1mol of substrate/min. (33) . Three doughs were started with (i) lactobacilli, (ii) lactobacilli and CE, or (iii) baker's yeast. Another dough (control), without a microbial inoculum, was acidified chemically to pH 3.9. Doughs were incubated at 37°C. Sourdoughs started with lactobacilli contained ca. 10 9 CFU/g, presumably of each species, and had a final pH that ranged from 3.9 to 3.7, depending on the incubation time. The dough started with baker's yeast had a pH of 5.6 and contained 10 8 yeast cells/g and less than 10 6 bacteria/g (23) . The total bacterial count of the control was constant at 10 3 CFU/g during 24 h of incubation. Protein fractions were selectively extracted from individual flours, sourdoughs, and yeasted and chemically acidified (control) doughs and further analyzed by 2DE. Preliminarily, 2DE gels of fermented and control doughs were compared with those of the individual flours and the map positions of the different prolamins were identified ( Fig. 2A and B) . As shown previously (18) , the ␣, ␤, and ␥ fractions of wheat gliadins (28 to 50 kDa) clustered in the alkaline zone of the gel (pI 6.5 to 8.5), while the fractions (55 to 70 kDa) were confined to the pI 4.0 to 7.0 area ( Fig. 2A) . Alcohol-soluble oat avenins were located in the molecular mass range of 24.5 to 38 kDa, and this was in substantial agreement with the results of Mikola et al. (38) , who found prolamins of ca. 22 to 33 kDa. As shown previously by SDS-polyacrylamide gel electrophoresis analysis (13), buckwheat prolamin fractions were spread over a wide molecular mass range (15.9 to 50 kDa) and setarins of millet were confirmed to be in the 19-to 25-kDa zone of the 2DE map (29) .
After 2 h of fermentation, the dough started by baker's yeast had the same prolamin profile as the flours (data not shown). As shown previously (18) , biological or chemical acidification and the related changes in redox potential caused a marked modification of the 2DE polypeptide pattern compared to the nonacidified dough; therefore, the sourdoughs fermented by lactobacilli were compared to the control to find variations due to bacterial proteolysis ( Fig. 2A and B and Table 2 ). By this comparison, changes due to proteolysis by flour endogenous enzymes were also excluded in part (45) . Prolamins from wheat flour disappeared almost completely after 24 h of proteolysis by selected lactobacilli (Fig. 2B) . Twenty-one of the 29 alcoholsoluble polypeptides were characterized by hydrolysis factors of Ն90%; 4 had hydrolysis factors of 80 to 86%, and 4 were degraded by 50.0 to 71% (Table 2 ). Only 1 of the 17 avenin polypeptides was affected by proteolysis. One of the four alcohol-soluble polypeptides of millet flour and three of the six alcohol-soluble polypeptides of buckwheat flour were almost completely hydrolyzed, with no appreciable differences when the time of sourdough fermentation increased. On the contrary, hydrolysis of wheat prolamins increased with the duration of sourdough fermentation (Table 2) . After 6 or 12 h, the hydrolysis factors of several polypeptides was still low compared to those determined after 24 h. Seventeen alcohol-soluble polypeptides showed hydrolysis factors of 0 to 20.6% only after 6 h of sourdough incubation, while at 12 h, 11 polypeptides (e.g., W12, W13, and W16) had hydrolysis factors that were still low compared to those determined after 24 h. As expected, no significant differences were found between sourdoughs started with lactobacilli alone and those started with lactobacilli and CE, probably because the hydrolysis of longchain wheat polypeptides (molecular mass, Ն10 kDa), which are detected by 2DE, depended mainly on the activity of cell wall-associated proteinase (30) . The hydrolysis of gliadins did not change when the proportions of the nontoxic flours were varied (data not shown).
Peptides contained in the ethanol-soluble fraction of the sourdough started with selected lactobacilli were analyzed by RP-FPLC (data not shown). This analysis also detects lowmolecular-mass peptides (e.g., Յ7.5 kDa), nondetectable under our 2DE conditions, that may be hydrolysis end products of longer alcohol-soluble polypeptides, thus giving more complete information on the proteolytic activities. Compared to the RP-FPLC profile of the dough before incubation, peptides disappeared almost completely in the sourdough started for 24 h. Intermediate hydrolysis levels were found for 6 and 12 h of incubation.
Control dough showed an increase in the total free amino acid concentration with respect to the nonacidified and nonincubated dough (1,140 versus 715 mg/kg). Wheat and probably also the other flours contain endogenous proteolytic activities that are activated under acid conditions (45) . The concentration of individual free amino acids in sourdoughs started with selected lactobacilli increased progressively with the incubation time. The sourdough fermented for 24 h had a concentration of total free amino acids (3,021 mg/kg) ca. three times as high as that in the control or after 6 h of incubation (1,019 mg/kg) and ca. 1.5 times as high as that after 12 h of incubation (1,849 mg/kg). Addition of the CE of sourdough lactobacilli had a significant effect on the total level of free amino acids: 2,676 versus 1,849 mg/kg in the sourdough without the addition. The major differences between the sourdough started with selected lactobacilli and chemically acidified dough incubated for 24 h involved amino acids such as Glu, Ala, Leu, Tyr, Phe, Lys, and Pro.
Agglutination test. Albumins, globulins, prolamins, and glutenins were extracted from doughs, freeze-dried, and pooled. Fifty milligrams of these pooled protein preparations were subjected to PT degradation to simulate in vivo protein digestion (10) . All of the protein fractions were used in this assay, which was done to include the hydrolysis products of prolamins that, after degradation, were eventually contained in the waterand SDS-DTT-soluble extracts. PT digests were used for agglutination tests with K 562(S) subclone cells of human myelogenous leukemia origin. Control dough and the dough started with baker's yeast had a minimal agglutinating activity (MAC) of 0.027 g/liter. The MAC of the PT digests from sourdoughs started with selected lactobacilli increased markedly. It was 0.875 and 7.0 g/liter for sourdoughs fermented for 12 and 24 h, respectively. The MAC of the PT digests from sourdough started with selected lactobacilli and that of the control are shown in Fig. 3 . Addition of CE to the sourdough fermented for 12 h increased the MAC further (1.75 g/liter).
In vivo acute challenge. Two types of bread (ca. 80 g) were made from the mixture of wheat, oat, millet, and buckwheat flours, started with baker's yeast or lactobacilli and CE, and used for an in vivo acute challenge. Each bread contained ca. 2 g of gluten.
The in vivo challenge was based on intestinal permeability tests (25) . Twenty volunteer CS patients were recruited after at least 2 years on a gluten-free diet. Of the 20 patients, 3 were excluded from the challenge because they ingested gluten after recruitment and had baseline intestinal permeability values in the pathological range. Thirteen of the 17 CS patients showed a marked alteration of intestinal permeability after ingestion of the bread started with baker's yeast (Table 3 ). In these patients, absorption of rhamnose decreased more than 40%, that of lactulose in most of the cases at least doubled, and the lactulose/rhamnose ratio increased strongly. When the same 13 CS patients ingested the same dose of gluten in breads started with lactobacilli and CE, they showed rhamnose and lactulose absorption values and a lactulose/rhamnose ratio that did not differ significantly from the baseline values. After ingesting the baker's yeast bread, the other 4 of the 17 CS patients (no. 7, 9, 16, and 17; Table 3 ) did not apparently respond with a marked increase in intestinal permeability; they showed a decrease of ca. one-third in the amount of rhamnose absorbed, while the lactulose absorption and lactulose/rhamnose ratio did not a Analyses were performed with Image Master software (Pharmacia). Four gels of independent replicates were analyzed. For spot quantification and hydrolysis factor calculation, see Materials and Methods. All of the hydrolysis factors were calculated on the basis of the average of the spot intensities of each of four gels, and standard deviations were calculated.
b Spot designations correspond to those of the gels in Fig. 2A change. The same four CS patients did not respond to gluten after ingesting the sourdough bread.
DISCUSSION
This work was aimed at showing the ability of sourdough lactobacilli to hydrolyze wheat prolamins extensively and at finding a novel protocol for manufacturing a sourdough bread that can be tolerated by CS patients.
In a previous paper (18), we showed that selected lactobacilli have the ability to hydrolyze either albumins, globulins, and gliadins during wheat sourdough fermentation or the 31-43 fragment of A-gliadin in vitro and that, after hydrolysis, they greatly reduced the agglutination of the K 562(S) subclone cells of human myelogenous leukemia origin by a toxic PT digest of gliadins. In this study, we first showed that the pool of L. alimentarius 15M, L. brevis 14G, L. sanfranciscensis 7A, and L. hilgardii 51B has a pattern of specialized peptidases capable of hydrolyzing all of the different peptide bonds that potentially include the imino acid proline. Overall, biologically active peptides contain a large proportion of Pro residues within the sequence, which makes them very resistant to hydrolysis by peptidases, which are not specific for Pro bonds (17, 30, 40) . The hydrolysis by the four lactobacilli also concerned oligopeptides such as fragment 62-75 of A-gliadin and the 33-mer peptide. Peptide 62-75 is part of a longer fragment, 56-75, of A-gliadin that reacts with tissue transglutaminase and is one of the dominant epitopes responsible for the inappropriate Tcell-mediated immune response in CS patients (1) . These hydrolyzing activities are not widespread in dairy lactic acid bacteria. Generally, pure prolyl-endopeptidases have very poor activity on long-chain peptides (30, 44) . In our experiments, we Baseline used a pool of selected lactobacilli that was supplemented with a pool of their cytoplasmic enzymes. Notwithstanding the heterogeneity of T-cell epitopes in gluten, a few epitopes appear to account for most of the ␣-gliadin recognition by CD4 ϩ T cells from CS patients (1, 4) . The most important is probably the 33-mer peptide, for the following reasons: (i) it remains intact despite prolonged exposure to gastric and pancreatic proteases, (ii) other patient-specific Tcell epitopes are present in its sequence, (iii) hydrolysis of the 33-mer peptide (100 M) by small intestinal brush border membrane enzymes is less than 20% over 20 h of incubation (40) , and (iv) it remains intact for a long time (ca. 24 h) in the small intestine and even at a low concentration is able to act as a potential antigen for T-cell proliferation and intestinal toxicity in genetically susceptible individuals (40) . Although peptidases capable of hydrolyzing Pro-and Glu-rich peptides are located in the intestinal brush border (2, 3, 11, 12) , these epitopes withstand enzymatic processing (27) . To our knowledge, the only enzyme proposed as a detoxifying agent for the 33-mer peptide is the prolyl-endopeptidase from F. meningosepticum (40), which is not related to bread biotechnology. In this study, we first showed that sourdough lactobacilli have the ability to hydrolyze the 33-mer peptide extensively or almost totally during prolonged incubation (12 to 24 h).
Previously, a wheat sourdough was produced with the same Lactobacillus species; considerable, but not total, hydrolysis of gliadins was found (18) . In this study, the amount of wheat flour was decreased to 30% by mixing with nontoxic (26, 34) oat, millet, and buckwheat flours (ratio, 3:1:4:2). These flours are nutritionally and technologically suitable also (33, 37) . Under these conditions, we achieved almost complete hydrolysis of wheat gliadins while prolamins from oats, millet, and buckwheat were affected less or not at all. A comparison with a chemically acidified dough or with a dough started with baker's yeast alone showed that the hydrolysis was due to the proteolytic activity of sourdough lactobacilli and that prolamin fractions were not affected during dough fermentation with yeast. The great extent of hydrolysis during sourdough fermentation was confirmed on various-size, alcohol-soluble polypeptides that were analyzed by RP-FPLC and by determination of free amino acids. Addition of CE to the sourdough started with selected lactobacilli for 12 h markedly increased the concentration of free amino acids, showing a considerable activity of CE toward low-to medium-molecular-mass peptides.
Prior to initiating the in vivo acute challenge, we wanted to confirm our results based on agglutination tests. Overall, a relatively high correlation was found between the agglutination activity of cereal components against K 562(S) cells and their toxicities in clinical and in vitro trials on the basis of biopsy samples of intestinal mucosa from CS patients (6, 9, 41) . The MAC of the sourdough started with selected lactobacilli was ca. 250 times higher than those of the control and of the dough started with baker's yeast. It was also confirmed that CE plays a role in the further degradation of intermediate polypeptides from gliadins, which probably still have a toxic effect.
For the in vivo challenge, a bread produced with a very long fermentation time was compared to a bread fermented for 2 h with baker's yeast. A very long fermentation time is a common feature of an ancient tradition for the production of typical wheat sourdough breads (23) . After this fermentation, the structure of the dough is obviously collapsed and sourdough is traditionally reused as a starter for a new and very short (2-to 4-h) fermentation process. Under our experimental conditions, the fermented (24 h) wheat sourdough was subsequently mixed with nontoxic flours in the optimal ratio, allowed to ferment for 2 h, and baked at 220°C for 20 min. This type of bread was technologically suitable: the volume was ca. one-half of that started with baker's yeast, and the texture was comparable to that of wheat sourdough breads. To our knowledge, this is the first report of tolerance of CS patients for a bread containing 30% wheat flour on the basis of determination of intestinal permeability during an acute in vivo challenge. Thirteen of the 17 CS patients recruited showed a marked alteration of intestinal permeability after ingestion of baker's yeast bread, while when fed the sourdough bread, the same 13 patients had intestinal permeability values that did not differ significantly from the baseline values. The other four CS patients did not respond to the two types of bread.
The following multidisciplinary research efforts are currently being carried out in several directions to deal with the pathogenesis of CS: (i) engineering of gluten-free grains, (ii) search for the CS genes in humans (20) , (iii) use of some protective substances (e.g., mannan and oligomers of N-acetylglucosamine) (7, 41) , and (iv) use of bacterial prolyl-endopeptidase from F. meningosepticum as an oral supplementary therapy (40) . None of these efforts considered strategies that are pertinent in bread biotechnology. This study shows that CS patients subjected to an acute challenge tolerated breads produced with sourdough better than those started with baker's yeast. These results showed that a bread biotechnology that uses selected lactobacilli, nontoxic flours, and a long fermentation time is a novel tool for decreasing the level of human intolerance to a certain amount of wheat flour. Work is in progress to confirm these results with a long-term in vivo challenge.
